Abslmct-Total atmospheric attenuation under conditions of cloud cover was measured at frequencies of 15 and 35 GHz in the Boston area. The attenuations were actually inferred from extinction measurements using the sun as a source. Two hundred and ten sets of data were collected at each frequency under conditions of complete cloud cover; 131 sets of data were collected under conditions of partial cloud cover. Each set of data consisted of measurements made at 29 elevation angles from 1" to 20". The angle dependence of the attenuation was examined. For most cloud conditions the attenuation was shown to be proportional to the slant path distance through the absorbing atmosphere. For elevation angles above about 8', a flat earth approximation is valid and the slant path distance is proportional to the cosecant of the elevation angle. For low elevation angles the slant path distance is a function of the effective earth radius and the effective height of the attenuating atmosphere, in addition to the elevation angle. A statistical technique for determining the radius and height is described. A zenith attenuation was extrapolated from each set of data. The humidity dependence of the attenuation was examined next. A linear regression of zenith attenuation as a function of surface absolute humidity was performed. Correlation coefficients were of the order of 0.7 to 0.8. The attenuations measured under conditions of both complete and partial cloud cover were compared with previously obtained clear sky attenuations and found to be consistently higher. Finally the frequency dependence of the cloud attenuation was studied. It was assumed that the cloud attenuation has a frequency dependence similar to that of fog. From this dependence, in conjunction with the 35 GHz data, attenuations under conditions of cloud cover could be estimated for frequencies up to 100 GHz in the window regions of the spectrum. Finally, with these results, an algorithm for estimating total atmospheric attenuation as a function of elevation angle, frequency, and surface absolute humidity was derived.
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I. INTRODUCTION NUMBER OF theoretical and experimental studies of
A, tmospheric attenuation at millimeter wavelengths have been conducted. Based on the results that have been obtained it is now possible to estimate, with some confidence, the losses due to gaseous absorption and rain throughout the millimeter wavelength spectrum. However, it is very difficult to estimate the losses due to clouds since only limited experimental data are available [l] , [2] ; also, the uncertainty of cloud water content and cloud extent limit the accuracy to which the attenuation can be calculated from models [3] .
Since cloud attenuation is relatively low at the longer millimeter wavelengths it is generally necessary to make measurements over very long paths in order to obtain appreciable attenuations. In this paper, cloud attenuations were inferred from extinction measurements using the sun as a source. Measurements were made at frequencies of 15 and 35 GHz during Manuscript received June 20, 1988; revised January 3, 1989 . The authors are with the Rome Air Development Center, Electromagnetics IEEE Log Number 8929276.
Directorate, Hanscom AFB, MA 01731-5000.
sunrise and sunset at elevation angles from near the horizon up to 20". Almost 400 sets of attenuation data were collected. Preliminary results obtained from these data were reported [2]. Of these data, 58 sets were designated "clear sky"; these results have been compared with theoretical values and have been published [4] . The remaining data were divided into two categories: if there was total cloud cover during the course of the measurements, such that the sun was not visible, then these data were designated "cloud"; if conditions were those of partial cloud cover, the data were designated "mixed cloud." We realize that this is a rather subjective procedure for defining cloud conditions, however, we were at a loss to arrive at a better method of classification.
Attenuations were measured at both frequencies simultaneously and then correlated with the only meaningful meteorological parameter that could be readily determined, the surface absolute humidity. Ideally it would have been desirable to measure a vertical water vapor profile and the cloud extent, but this could not be done with the resources that were available. From the attenuations at 15 and 35 GHz it was then possible to estimate the cloud attenuations for other frequencies throughout the millimeter wavelength spectrum.
THEORETICAL CONSIDERATIONS
Attenuation by cloud is a complex function of the particle size distribution, density, temperature, index of refraction, wavelength and cloud extent. We assume that under conditions during which there is no precipitation, clouds below the zero degree isotherm have a composition similar to fog; thus cloud droplets would ordinarily have diameters that rarely exceed 0.1 mm and thus would fall in the Rayleigh region throughout the millimeter wavelength spectrum. The attenuation is primarily due to absorption by the cloud droplets; scattering losses are secondary. For clouds at an altitude above the zero degree isotherm, absorption by ice particles is negligible because the imaginary component of the index of refraction of ice is very small.
Although the measurements were made at a time when there was no precipitation falling at the site, it should be mentioned that the data were collected over very long slant paths so it could well have been raining down range. However, the frequency dependence of rain attenuation is different from that of cloud so they can be distinguished from one another. Fig. 1 shows a plot of the ratio of the 35 to 15 GHz rain attenuations as a function of drop diameter [5] . For the very small droplets, that are usually present in clouds, it is seen that the ratio is slightly below four. Thus a weighted average of attenuation due to gaseous absorption which has a ratio of approximately 3.3, and clouds would probably result in a ratio of about 3.5.
U.S. Government work not protected by U.S. copyright. layer having a weighted density equal to that of the oxygen, water vapor, and cloud liquid water at the earth's surface, then the height of that layer is designated as the effective height of the attenuating medium. Since he is a function of the vertical distributions of oxygen, water vapor and cloud liquid water and since these are not known, a method for estimating he must be devised. We have assumed that the attenuation A(8) is proportional to the distance through the lower atmosphere where a0 and a1 are the regression line coefficients. But as the distance D(8) approaches zero, the attenuation A(8) also approaches zero; therefore a 0 should approach zero. Thus for a0 = 0 we would like to determine a value for a1 which produces a best fit for the regression line. Since the set of D (8) values is a function of he, we select a value of he which produces a set of distances that result in a minimum standard error of estimate S e . An expression for Se has been derived previously [4] . The value of he which minimizes Se is selected as the effective height of the attenuating layer.
MEASUREMENT PROGRAM
A brief description of the experimental system and the meadata is described in this paper; more details have been prosurement procedure that was used to obtain the attenuation If rain is present in the form of relatively small drops, it is seen that the ratio would tend to increase. However, if there are very large drops present along the propagation path, such as those that may exist in the melting layer, then the ratio will decrease [5] .
It has been shown that for clear sky conditions the slant path attenuation is proportional to the distance through the absorbing atmosphere [4] . For uniform cloud cover it is reasonable to assume that the attenuation is proportional to the distance through the cloud. Thus the total attenuation should be proportional to the cosecant of the elevation angle. For low elevation angles the following distance expression for a curved earth has been derived using the law of cosines [2] . The elevation angle 8 is recorded at the time of each measurement. The effective earth radius a, is a function of the refractivity profile; it is obtained using a procedure that has been employed previously [4] .
D(8)
The effective height he of the attenuating atmosphere is defined as follows. If all of the oxygen, water vapor, and cloud liquid water in the atmosphere were compressed into a uniform vided in a previous paper 121. All measurements were made at Prospect Hill, Waltham, MA, during sunrise and sunset at 29 elevation angles from 1.0", in increments of 0.5" up to lo", and then in increments of 1 O up to 20". An 8.8 m paraboloidal antenna having beamwidths of approximately 4 and 9 arcmin at 35 and 15 GHz, respectively, was used in conjunction with conventional Dicke-switched radiometers with state-of-the-art components. The antenna beam was positioned ahead of the sun and the intensity of the received signal (antenna temperature) was observed as the sun drifted through the beam. The apparent sky temperature, due to atmospheric emission was compensated for by moving the antenna off the sun at each elevation angle to obtain a background reading which was subtracted out. In addition, calibrated noise diodes were turned on at each elevation angle to compensate for radiometer gain changes. The data were thus derived from a series of repeated drift measurements. With this system, attenuations up to 23.5 dB could be measured. Errors were estimated to be about 0.1 dB for low attenuations but approached 2 dB for attenuations above 20 dB. Since data were collected during a sunspot minimum, solar activity was minimal. The measurement time for each set of data was only about two hours so errors due to solar instability were insignificant. All data were recorded on magnetic tape. The surface temperature, pressure, and dew point temperature were recorded at the start and completion of each set of data and then averaged. For the period during which cloud attenuation data were collected, 210 sets of data were designated as "cloud" and 131 sets as "mixed cloud."
IV. ANALYSIS OF DATA
The surface absolute humidity and surface refractivity were computed from the surface temperature, dew point, and pres-sure. The effective earth radius was then computed from the surface refractivity [4] . A linear regression of attenuation versus distance through the attenuating layer was conducted for a set of effective heights of the atmosphere ranging from 0.1 to 8 km in 0.1 km intervals. For each set of data the standard error was calculated and plotted as a function of effective height; the effective height which produced the minimum standard error was selected as the effective height of the atmosphere.
With a, and he determined, A(@ was then plotted as a function of D(0). With (2), a regression line with slope a1 was computed. The corresponding set of zenith attenuations was then computed by multiplying the attenuation coefficients by the effective heights.
Each plot of attenuation versus the distance through the attenuating atmospheric layer was carefully examined. If both the 15 and 35 GHz plots were essentially linear, then the clouds were assumed uniform; if the plots were nonlinear, the clouds were assumed nonuniform. Of the 210 sets of cloud data, 123 sets, almost 60 percent, were classified uniform. The corresponding regression lines typically had correlation coefficients greater than 0.995. The remaining 87 sets of nonuniform cloud data displayed two types of behavior. About half of these data were somewhat irregular but not strongly nonlinear; the correlation coefficients were typically still greater than 0.99. The nonlinearities at 15 and 35 GHz were usually correlated. The remaining nonuniform cloud data were very irregular, thus indicating cloud regions having a very high concentration of liquid water.
Although the mixed clouds appeared nonuniform visually, it was found that 112 out of 131 sets of these data, approximately 85 percent, exhibited a uniform composition; that is the attenuation increased linearly with the distance through the attenuating atmospheric layer. Of the remaining 19 sets of nonuniform "mixed cloud" data about half were somewhat irregular but only slightly nonlinear while the rest were very irregular as for the case of the cloud data.
V. RESULTS

A . Angle Dependence of Attenuation
For cloud conditions that were designated uniform, the angle dependence of the attenuation was comparable to that for clear sky conditions [4] . Typical attenuations are shown in Fig. 2 . For comparison, clear sky attenuations for approximately the same surface absolute humidity and effective height are also shown. Note the high correlation of attenuation with the distance through the attenuating atmosphere. As expected, the attenuation produced by complete cloud cover is higher than that for clear sky. For an effective height of 2.6 km the slant path distance at an elevation angle of 10" is about 15 km and the corresponding attenuations for cloud conditions are about 0.7 and 2.1 dB at 15 and 35 GHz, respectively. For higher elevation angles the attenuation decreases and is equal to the cosecant of the elevation angle multiplied by the zenith attenuation. For lower elevation angles the attenuation is proportional to the distance through the attenuating layer which is given by (1). Ordinarily, the effective earth radius and the effective height of the layer are not known. The effective earth radius can be assumed to be approximately equal to that corresponding to a 4/3 earth radius, 8497 km. In a previous paper [4] the effective height was shown to be correlated with the surface absolute humidity p and can be approximated bY
where p is in g/m3.
Most of the cloud and mixed cloud conditions that were classified as nonuniform, had attenuations that were only slightly nonlinear with respect to distance so these could also be assumed to have the same angle dependence as the uniform cases. Examples of cloud conditions that produced attenuations that had a slightly nonlinear dependence on distance are shown in Fig. 3 . Note that distances between about 100 and 150 km, which correspond to elevation angles from 4" down to 2", have attenuations that are somewhat higher as compared to those for a linear dependence. Also note the strong correlation of the 15 and 35 GHz attenuations. This behavior is indicative of a cloud region having a higher liquid water content than the surrounding clouds.
An extreme case of highly irregular cloud attenuation as a function of distance is shown in Fig. 4 . It is interesting to note that at a distance of about 185 km, which corresponds to an elevation angle of 2.5", the attenuations at 15 and 35 GHz appear uncorrelated. Since the ratio of the 35 GHz attenuation to the 15 GHz attenuation is only about 2.5, it is likely that there were large drops present down range [5]. Based on Fig.  4 , it is obvious that relatively high cloud attenuations occur even at somewhat high elevation angles. In order to further investigate this behavior all 341 sets of cloud and mixed cloud data were examined and the maximum values of attenuation that were measured at each elevation angle denoted. These values are plotted in Fig. 5 . Since the maximum attenuation that could be measured at 35 GHz was 23.5 dl3, all that can be concluded is that maximum attenuations exceeded 23.5 dB at angles from 1" to 2.5". We note that for elevation angles above lo", the maximum attenuations that were observed at 15 and 35 GHz were less than 2.5 and 7 a, respectively.
In summary, we found that about 80 percent of the cloud attenuation data and over 90 percent of the mixed cloud attenuation data were essentially proportional to the distance through the atmosphere and thus for these conditions the attenuation at any angle can be estimated from the zenith attenuation.
B . Humidity Dependence of Attenuation
A zenith attenuation was extrapolated from each set of data which was considered representative of uniform cloud cover; that is the attenuation had a linear dependence on the distance through this atmosphere. The zenith attenuations were then plotted as a function of the surface absolute humidity, and a regression analysis was done on these data. In The regression line statistics are summarized in Table I . These include the size of the sample n, the coefficients aD and a w which correspond to the dry and wet attenuations, their respec- 
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Humidity dependence of attenuation for uniform mixed cloud conditions. tive standard errors, SD and SW and the correlation coefficient r of the linear regression. It is seen that the dry terms for the three types of atmospheric conditions are approximately the same, differing by less than 0.01 dB. This is expected since a completely dry atmosphere would probably not have cloud cover so the dry terms for the cloud regression lines should approach those for clear sky. The wet terms are seen to increase slightly as the atmosphere changes from clear to mixed cloud; the increase is significantly larger for complete cloud cover. The standard errors for the dry terms are lowest for clear sky, as would be expected, and increase for mixed cloud and cloud conditions. The standard errors of the wet terms are not too different for the three types of atmospheres. Finally, the correlation coefficients are approximately the same for the 35 GHz data and somewhat lower for the 15 GHz data, except for the case of uniform cloud conditions, for which it is about the same as for the 35 GHz data.
A statistical analysis was done on all 210 sets of cloud data and all 131 sets of mixed cloud data. This analysis included those cases which were designated nonuniform. Surprisingly, 
C . Frequency Dependence of Attenuation
To establish a frequency dependence for cloud attenuation it is assumed that cloud particulates are typically less than 0.1 mm in diameter and thus fall in the Rayleigh region at millimeter wavelengths. The index of refraction of water has been tabulated as a function of wavelength and temperature by Rozenberg [6] . Altshuler [7] used these values to estimate fog attenuation at millimeter wavelengths. In this paper we assume that cloud attenuation has a frequency dependence similar to that of fog. Since it is not practical to obtain the temperature of the liquid water content of the cloud, a nominal value of 10°C was assumed. Higher cloud temperatures would produce slightly lower attenuations; lower temperatures would produce slightly higher attenuations. The normalized attenuation in dB/Km per g/m3 was then calculated at 13 wavelengths in the window regions of the millimeter-wave spectrum from 3 mm to 2 cm. The following regression line for attenuation as a function of wavelength was derived. where A , is in dB.
This is believed valid for the window regions from 15 to 100 GHz. This regression line produces attenuations that are slightly lower than the measured valued obtained at 15 GHz (A = 2.0 cm). This occurs because (10) fits the shorter wavelength attenuations slightly better than those of the longer wavelengths. Since the cloud attenuation is relatively low at 15 GHz, it was felt that it is more important to have a better fit at the higher frequencies. The zenith attenuation is plotted as a function of frequency for several surface absolute humidities in Fig. 9 so that attenuation under cloud conditions can be easily estimated. Attenuations corresponding to frequencies near the water vapor and oxygen resonances are excluded, since this algorithm is only valid for the window regions. The dry term attenuation, p = 0, is included for reference only; it is unlikely that cloud cover would be present during very low humidities.
D. An Algorithm for Cloud Attenuation
We have examined the angle, humidity, and frequency dependence of cloud attenuation. It is now possible to develop an algorithm for estimating cloud attenuation as a function of these parameters. Equation (1 1) provides an expression for the zenith attenuation as a function of the surface absolute humidity and wavelength. For elevation angles above about 8", we simply multiply (1 1) by csc 8; for angles below about 8" we multiply (11) by the distance obtained from (1). The error introduced by using the csc 8 dependence has been in- We have analyzed 341 sets of cloud attenuation data measured simultaneously at frequencies of 15 and 35 GHz in the Boston area. Using the sun as a source, the attenuation was measured at 29 elevation angles between 1 " and 20" and zenith attenuations were inferred. Of the 341 sets of data, 210 were measured under conditions of complete cloud cover and 131 sets were measured under conditions of partial cloud cover. Of the 210 sets of complete cloud data it was found that 123 sets exhibited attenuations as a function of elevation angle that were indicative of uniform cloud cover; of the remaining 87 sets of data, 44 sets showed cloud regions that had slightly higher attenuations than those that would have been expected from uniform clouds as typified in Fig. 3 ; the 15 and 35 GHz attenuations were highly correlated. The other 43 sets of data had attenuations that were highly irregular as a function of elevation angle as shown in Fig. 4 , thus indicating cloud regions of very high liquid water content. In some instances the attenuations at 15 and 35 GHz were not correlated, indicating that large raindrops were probably present down range.
Of the 13 1 sets of mixed cloud data, 112 sets of attenuations exhibited an angle dependence that was typical of uniform mixed cloud. Ten of the remaining sets of data had attenuations that were only slightly nonuniform as a function of elevation angle; nine sets of data had attenuations that indicated nonuniform cloud liquid water content.
The zenith attenuations at 15 and 35 GHz were determined from the 123 sets of cloud data and 112 sets of mixed cloud data that had attenuations which behaved smoothly as a function of elevation angle. For high elevation angles a flat-earth approximation is used and the total atmospheric attenuation is simply the zenith attenuation multiplied by the cosecant of the elevation angle; for low elevation angles a more complex angle dependence must be used. Maximum values of cloud attenuation that did not have a well-defined angle dependence were recorded so that the maximum attenuations that may occur at any elevation angle could be estimated.
It was found that there is a fair correlation of zenith attenuation with the surface absolute humidity. Regression lines for estimating the zenith attenuation at 15 and 35 GHz, both for cloud and mixed cloud conditions, have been derived. The frequency dependence of the attenuation was assumed to be similar to that of fog since cloud composition below the zero degree isotherm is similar to fog. Based on the statistics that have been derived attenuation due to clouds below the isotherm is believed accurate about 80 percent of the time for total cloud cover and about 90 percent of the time for mixed cloud cover for climates similar to the Boston area. Its applicability to other regions of the world would depend on their respective climatic conditions.
